In humans, the precursor to all steroid hormones, pregnenolone, is synthesized from cholesterol by an enzyme complex comprising adrenodoxin reductase (AdR), adrenodoxin (Adx), and a cytochrome P450 (P450scc or CYP11A1). This complex not only plays a key role in steroidogenesis, but also has long been a model to study electron transfer, multistep catalysis, and C-C bond cleavage performed by monooxygenases. Detailed mechanistic understanding of these processes has been hindered by a lack of structural information. Here we present the crystal structure of the complex of human Adx and CYP11A1-the first of a complex between a eukaryotic CYP and its redox partner. The structures with substrate and a series of reaction intermediates allow us to define the mechanism underlying sequential hydroxylations of the cholesterol and suggest the mechanism of C-C bond cleavage. In the complex the [2Fe-2S] cluster of Adx is positioned 17.4 Å away from the heme iron of CYP11A1. This structure suggests that after an initial protein-protein association driven by electrostatic forces, the complex adopts an optimized geometry between the redox centers. Conservation of the interaction interface suggests that this mechanism is common for all mitochondrial P450s.
ferredoxin-hemeprotein electron transfer | hydroxysteroids | inner mitochondrial membrane | fusion protein T he cytochrome P450 enzymes comprise a superfamily of hemeproteins that participate in an array of metabolic processes. Members of this family are unified by a common fold and yet catalyze diverse reactions. In humans, there are at least 57 P450s that can be divided into classes based on their intracellular localization and requirement for redox partners, which provide electrons for the monooxygenase reaction. One class is localized in the inner mitochondrial membrane and receives electrons from adrenodoxin reductase (AdR), via the [2Fe-2S] ferredoxin, Adx. The molecular mechanism of complex formation and electron transport within this system have remained unclear: AdR, Adx, and P450 have been proposed to form 1∶1∶1 or 1∶2∶1 complexes (1, 2), but Adx has also been suggested to act as a shuttle, sequentially transporting one electron at a time from AdR to P450 (3) (4) (5) . Both complex and shuttle models assume that interactions are mainly electrostatic.
The first step in steroid hormone biosynthesis is the conversion of cholesterol to pregnenolone and isocaproic aldehyde by mitochondrial CYP11A1. The reaction occurs in three steps: two stereospecific hydroxylations, with formation of 22R-hydroxycholesterol (22-HC) and 20R,22R-dihydroxycholesterol (20, 22-DHC) followed by a C-C bond cleavage (Fig. S1 ), which does not mechanistically typify a P450 reaction and so, is less understood.
Contrary to drug-metabolizing but similarly to P450s involved in physiological functions, CYP11A1 has narrow substrate specificity-limited to cholesterol, 7-dehydrocholesterol, and vitamin D (6) (7) (8) (Fig. S1 and Table S1 ). Notably, CYP11A1 hydroxylates but does not cleave the side chain of vitamin D 3 producing biologically active 20-hydroxyvitamin D and minor di-and trihydroxylated derivatives (6, 7, 9, 10) ( Fig. S1 and Table S1 ). In the absence of structural information, the molecular mechanisms that allow this enzyme to catalyze two different reactions while at the same time maintaining exquisite stereospecificity are unknown.
Results and Discussion
Structural Insights into Cholesterol Side-Chain Cleavage. The substrate access channel is the most dynamic part of the P450 protein and provides recognition and guidance of the substrate from the surface to the active site. Cholesterol appears to be transferred to the active site directly from the inner mitochondrial membrane where CYP11A1 resides (3) . A substrate access channel is oriented toward the membrane, with the residues of the F-G loop and the A′ helix comprising the hydrophobic surface involved in the interaction with the membrane (11, 12) (Fig. 1) . The cholesterol is bound in the active site with its side chain bent at C20 and C22 positions ( Fig. 2A) . This conformation is induced by the active site residues Leu101, Trp87 (B′ helix), Phe202 (F helix), and Ile461 (β4-loop), which control the side chain positioning above the heme iron for subsequent hydroxylations. The distances between C22 and C20 carbons and the iron are 4.3 and 4.5 Å, respectively. When modeled, the C22 hydrogen points toward the oxyferryl oxygen (distance 2.3 Å), whereas the hydrogen at C20 projects slightly away (distance 2.6 Å), partially explaining a preferential hydroxylation at C22 to produce the R-isomer (22-HC). Polar and nonpolar residues of the binding pocket tightly enclose the four cholesterol rings ( Fig. 2A) . Notably, two methyl groups projecting from the β-face of cholesterol interact with the Ser352 side chain and its hydrogen-bonded water molecule, restricting sliding of cholesterol and placing the C22 carbon nearest to the heme iron. The 3β-hydroxyl of cholesterol does not interact directly with the enzyme residues but binds to two water molecules, which are part of a hydrogen-bonded network formed by additional water molecules and the polar residues His39, Tyr61, Asn210, Gln377 ( Fig. 2A) and conserved in all ligand-bound CYP11A1 structures. This network may explain the vitamin D hydroxylation pattern; i.e., the formation of 20-OH-vitamin D 3 as a first product. Vitamin D 3 has an opened B-ring and mostly exists in an extended conformation. Binding of the vitamin D 3 A-ring to the water-filled pocket would position the C20 carbon, but not C22, above the heme iron for hydroxylation. The water-filled pocket near the 3β-hydroxyl group provides Author contributions: N.S., S.U., and H.-W.P. designed research; N.S., F.M., T.C., I.G., and H.-W.P. performed research; N.S., S.U., and H.-W.P. analyzed data; and N.S. and H.-W.P. wrote the paper. a space to accommodate cholesterol esters, which can also be used as substrates (13) .
To further understand the mechanism of sequential hydroxylation of the cholesterol side chain, we solved the structure in complex with 22-HC (Table S2) . Continuous electron density is observed between the C22-hydroxyl group and the heme iron (distance 2.6 Å; Fig. S2 ). Close proximity to the heme iron was suggested for 22-HC earlier based on NMR studies (14) . Crystallographic observation of the hydroxyl-heme iron interaction was made with the hydroxylated product of P450cam (15, 16) . Upon 22-HC binding, the conformation of the Thr291 side chain is slightly changed so the interaction between the carbonyl oxygen of Gly287 and the hydroxyl group of Thr291 is loosened, which allows a new water molecule to bind in the I-helix groove (Fig. 2B) . The carbonyl oxygen of Asp290 does not reorient to interact with Met294. A water molecule, which interacts with Thr291 and Gly287, is also hydrogen-bonded to the 22R-OH group (Fig. 2B ). This network may contribute to the retention of the first stable intermediate, 22-HC, which displays very tight binding (17) and remains bound in the active site for the next round of hydroxylation; i.e., until the reduction and following oxygen binding (18) .
The specific interaction we observed for 22-HC with CYP11A1 provides a rationale for developing unique high affinity compounds based on the hydroxyl moiety rather than the nitrogen of heterocycles as potential heme ligand for other drug target P450s that catalyze multiple hydroxylations.
As CYP11A1 predominantly 22-hydroxylates cholesterol, we used the alternative intermediate, 20S-OH-cholesterol (20-HC) to understand the proceeding of the reaction through 20,22-DHC. The structure in complex with 20-HC reveals that the 20-OH-group is positioned away from the heme iron (distance 3.7 Å) and is hydrogen-bonded to a water molecule coordinating the heme iron at the distal position (Fig. 2C ). This finding is consistent with its spectral properties as a low spin inducer, but differs from other P450 substrate complexes in which water is excluded from the coordination with heme. Moreover, interaction between Ser352 and the two sterol methyl groups, as in the cholesterol complex, seems to control the movement of the side chain near the heme iron allowing hydroxylation only at C22 for 20-HC. Consistent with this finding, 20-OH-vitamin D 3 as a secosteroid cannot be converted to a vicinal diol (7) .
With two adjacent carbons being oxidized, 20,22-DHC, a precleavage intermediate, was subsequently cocrystallized to follow the reaction pathway. The structure shows that both hydroxyls are close to the heme iron but without direct interactions (Fig. 2D) . Such positioning for the substrate is unique leaving limited space for subsequent oxygen binding to the reduced heme iron. However, superposition of the cholesterol and 22-HC structures reveals the flexibility of the side chain, whereas the position of the ring system remains fixed (Fig. S3) . Formation of the next intermediate, 20,22-DHC, brings the side chain back to the original position as observed for cholesterol but with two OH-groups now near the heme Fe. Thus, the shift in the position of the carbon atom, which will be hydroxylated, is achieved by an up and down movement of the side chain. So the room for the oxygen to bind to the heme iron at each step with the observed intermediates could be provided by this mechanism and might occur upon reduction (19) . Although the mechanism of the CYP11A1 catalyzed reaction has been extensively studied for decades (20) (21) (22) (23) (24) (25) , it is still not clear how C-C bond cleavage occurs. Earlier experiments showing a retention of the C22 hydrogen and C20 hydroxyl oxygen in the products (22, 23) and ability of the enzyme to convert cholesterol analogs with a hydrogen substituent at C22 (24, 25) to pregnenolone indicate that C-C bond cleavage can proceed via a C20-peroxy species (Fig. 3) . Our structures with hydroxylated complexes show that the C22 position is more dynamic than C20 (no interaction of the 20-OH-group with the heme iron is observed). This limitation might be required for direct interaction between the substrate C20 OH-group and compound I, which is more likely to occur based on the distance and angle of the 20-OH-group of 20R,22R-diol to the heme iron in our structure. The C20-peroxy intermediate is further rearranged to two carbonyl products, pregnenolone and isocaproic aldehyde. However, the ultimate oxidant for the CYP11A1 mediated C-C bond cleavage reaction remains unknown and further studies are required.
The CYP11A1 active site architecture adapts to release reaction products via different routes presumably defined by their metabolic fates. Pregnenolone, a substrate for further conversions out of mitochondria, might be released into the membrane through the same access channel as for the cholesterol substrate. The smaller and more hydrophilic isocaproic aldehyde can exit through the water channel (channel surrounded by the B-C loop), which faces the mitochondrial matrix (Fig. S4) .
Interaction of CYP11A1 with Redox Partner. The cholesterol sidechain cleavage reaction requires efficient transfer of electrons from ferredoxin to the heme iron of CYP11A1 twice during each catalytic cycle: to the ferric substrate-bound form and to the ferrous dioxygen-bound form. Each electron-transfer reaction is realized through the formation of a donor-acceptor complex. To obtain the complex of substrate-bound CYP11A1 with Adx, which would normally be transient and hence structurally inaccessible, the fusion proteins comprising N-terminal Adx and C-terminal CYP11A1 were constructed. By varying the length and composition of the linker we were able to purify and crystallize catalytically competent fusion proteins (Table S3) . Independent of the type of linker between proteins, which is not visible in the crystalline state, the Adx molecule is present in the structure and binds to the same site on the proximal surface of CYP11A1 (Fig. S5) , although the regions distal from the interaction interface are not defined. We analyzed the cholesterol-bound CYP11A1-Adx structure (linker AAKKT), the highest resolution model reported here.
Adx binds at the proximal surface of CYP11A1 via its F-helix (interaction domain) contacting the K-helix of CYP11A1 and with the loop surrounding the [2Fe-2S] cluster (core domain) interacting with the heme-binding loop, C-and L-helices of CYP11A1 (Fig. 4A) . The hydrogen bonding interactions predominate upon the Adx-CYP11A1 complex formation. The interface comprises two salt bridges, Lys339 CYP11A1 -Asp72 Adx and Lys343 CYP11A1 -Asp76 Adx; and is consistent with site-directed mutagenesis and chemical modification data (26) (27) (28) (29) . Residue Asp79 of Adx interaction domain, which affects Adx-CYP11A1 complex formation and activity (28) (29) (30) , is not involved in direct contact but close (approximately 5 Å) to the "meander" region of CYP11A1, more specifically, to Lys406, the latter being implicated in redox partner binding (31) (Fig. 4A) . It is interesting to note that the effect of replacement of Asp79 Adx (28-30) is more profound than the effect of replacement of either Lys404, Lys406, or Arg411 of CYP11A1 (31, 32) . We hypothesize that during complex formation, Asp79 Adx can initially interact with either of these residues in accordance with conformational changes of the flexible meander region, which would sterically complement a proximal surface for the redox partner.
The specific conserved motif C-GR/KR-E in mitochondrial P450s is important for interaction with Adx and enzymatic activity (Fig. S6) (31, 33) . The residues Arg426, Arg427, and Glu430 of this motif form part of the interaction interface (Fig. 4A ), but are not directly involved in the electrostatic interactions with Adx. Arg427 CYP11A1 interacts with Glu430 CYP11A1 , the latter apparently facilitates Adx dissociation (33) possibly by repulsing the negative charge of Glu73 Adx . Notably, ordered water molecules are enclosed within the interaction interface surrounding these charged residues, and may facilitate electronic coupling between redox centers. Taking together, the basic patch on the surface of P450, formed by Arg465Arg466 of the L-helix, can provide long range electrostatic steering for the recognition (guiding) of Adx, because a dipole moment of Adx does not contribute to electrostatic interactions (34) .
Considering the number of positive and negative charges on the surface of CYP11A1 and Adx, respectively, the distance between redox centers, which has to be kept within a certain range (see below) and based on the analysis of the structure of the complex we suggest that following initial recognition and binding as directed electrostatically, Adx is slightly repositioned on the proximal surface of CYP11A1 to adopt an optimal orientation for efficient electron transfer. This notion contrasts other electron-transfer systems, where electrostatic interactions are believed to function primarily in precollisional orientation leading to encounter complexes with multiple geometries of similar free energy required for efficient electron transfer (35) . The distance between the iron atom closest to the surface in the [2Fe-2S] cluster and the heme iron is 17.4 Å and is similar to that observed between the heme-and FMN-binding domains of the bacterial native fusion P450BM3 (36) . The calculated electron-transfer pathway (Fig. 4B) provides a maximum electron-transfer rate of 24 s −1 , which approximates the experimental value of 5 s −1 for bovine Adx-CYP11A1 complex (4) .
To understand the mode of protein-protein interactions in the AdR-Adx-CYP11A1 system, we compared the CYP11A1-Adx complex with the AdR-Adx complex (37) . Adx residues involved in the interaction interface with AdR and CYP11A1 greatly overlap (Fig. S7) providing evidence that an AdR-Adx-CYP11A1 ternary complex cannot form. The CYP11A1 proximal surface can accommodate only one molecule of Adx, and the activity and electron-transfer properties of the Adx-CYP11A1 fusion proteins (Table S3 and Fig. S8 ) suggest that formation of the quaternary AdR-Adx-Adx-CYP11A1 complex is also unlikely. Together, these results indicate that Adx functions as a mobile shuttle in electron transfer.
Methods
Protein Purification and Crystallization. The human CYP11A1, Adx, and AdR cDNAs were purchased from the Mammalian Gene Collection collection (accession codes BC032329, BC010284, and BC002960, respectively) and subcloned into a modified pCW-LIC vector. The mature form of CYP11A1 (without the N-terminal mitochondrial signal peptide) with the C-terminal His 6 -tag was coexpressed with GroEL/ES in Escherichia coli JM109. Fusion proteins were designed as [Adx-linker-CYP11A1-His 6 ] and cloned with the BD In-Fusion reaction (BD Biosciences) into the pCW-LIC vector. Three different linkers were used: the type I is the AAKKT tag usually added to the P450 N-terminus to improve the expression and solubility in E. coli (38, 39) ; the type II linker is AAVDAKASAGEAPAETLRGAKKT, from a natural fusion of the cytochrome P450 domain with the ferredoxin domain (CYP51 from Methylococcus capsulatus) (40); and the type III linker, VLHRHQPVTIGE-PAAKKT, is from a natural fusion of the cytochrome P450 domain with the phthalate dioxygenase reductase-like domain (cytochrome P450 RhF from Rhodococcus sp. NCIMB 9784) (41) . The fusions were coexpressed with GroEL/ES in E. coli and purified using metal affinity chromatography on a NiHiTrap-chelating column followed by anion-exchange chromatography on a SourceQ column. Fusion proteins were crystallized at concentration 15-20 mg∕mL using the hanging drop vapor diffusion method at room temperature. The reservoir solution contained 10% PEG 8 K, 0.2 M calcium acetate, and 0.1 M Hepes pH 7.5. For cryoprotection, crystals were passed through the reservoir solution containing 20% glycerol, flash-frozen and stored in liquid nitrogen until data collection.
Structure determination and refinement. Diffraction data were collected at beamlines 19ID and 23ID at the Advanced Photon Source, Argonne National Laboratory, with the crystal kept at 100 K and processed using the program HKL2000 (42) . The data collection statistics from the crystals of cholesterolbound and three intermediate-bound CYP11A1 in complex with Adx are shown in Table S2 . The structure of cholesterol-bound CYP11A1 complexed with Adx was solved by the molecular replacement (MR) method using Molrep in the CCP4 program suit (43) . Human CYP3A4 [Protein Data Bank (PDB) ID code 1TQN) excluding the heme was used as a search model. Several iterations of manual building in the program O (44) and refinement in the program Refmac5 in the CCP4 suit gave almost complete structure of CYP11A1. To remove the model bias of the CYP11A1 structure, we performed the simulated annealing refinement in CNS (45) . Consequent Fo-Fc difference map calculation brought out the density for cholesterol, heme and part of Adx including the Fe-S center (Fig. S9 ), which were absent from the CYP11A1 structure. We fitted cholesterol and heme into the difference map. To build the Adx model, we docked one molecule from bovine Adx structure (PDB ID code 1AYF) into the difference map as docking was guided by the shape of the Fe-S center difference map. This docked model was used as a reference for manual building of the Adx molecule in the CYP11A1-Adx complex. The structure of cholesterol-bound CYP11A1-Adx complex was finalized by additional iteration of model building in O and refinement in REFMAC5. Partially modeled Adx consists of two β-strands and three α-helices (αF is involved in recognition of CYP and AdR) and loops that include the [2Fe-2S] cluster-coordinating four cysteine residues.
The other three structures of CYP11A1 reported here were solved by the MR method using the cholesterol-bound CYP11A1-Adx complex as a search model excluding cholesterol, heme, and Adx. After MR solutions were found, the following Fo-Fc difference map showed the intermediates (20-HC, 22-HC and 20,22-DHC), heme and part of Adx, similar to the cholesterol-bound CYP11A1-Adx complex. Several iterations of model building in O and refinement in REFMAC5 finalized the structures. Their refinement statistics are shown in Table S2 .
The crystals contain two CYP11A1-Adx complexes in the asymmetric unit. The crystal lattice is formed by CYP11A1, whereas the adrenodoxin molecule is present in the solvent channel making contacts only with the fused CYP11A1. This can explain the high thermal motion of Adx molecules and a poor density for the regions remote from the interaction interface of Adx. In the Adx-CYP11A1-cholesterol complex we were able to refine residues 28-95 of the Adx molecule. The activity of fusions is low compared to the nonfused CYP11A1, but the affinity to the substrates is not affected by the linker constraints (Table S3 ). In contrast, the ability of Adx in the fusions to reduce CYP11A1 (e.g., to transfer one electron) is dependent on the length of the linker (Fig. S8) , indicating the requirement for Adx to function as a shuttle. Electron-transfer pathway from the [2Fe-2S] cluster of Adx to the heme iron of CYP11A1 was calculated by HARLEM (46) . Sterol Binding Spectral Determinations. Ligand-induced spectral changes were monitored as a shift of the heme Soret peak: type I (blue shift from 418 nm) or reverse type II (blue shift from 425 nm). The apparent dissociation constant of the enzyme-sterol complex (Kd) was determined by differential spectral titration as described in ref. 47 . The binding of sterols to human CYP11A1 was performed in 20 mM Hepes buffer (pH 7.2) with 0.1% Tween-20, 0.1 mM EDTA, and 50 mM NaCl at room temperature, with a final CYP11A1 concentration 1 μM. For the titration of sterol low spin inducers, 1 μM econazole (Kd for econazole 1 μM) was added to induce a type II shift (red-shift to 425 nm), and then the reverse type II spectral changes were monitored as a function of different sterol concentrations. The absence of denaturation during spectral titration was confirmed by the carbon monoxide difference spectra of reduced CYP11A1.
Enzyme Activity Assay. Side-chain cleavage activity was measured in a reconstituted system containing CYP11A1 or fusion (0.5 μM), human Adx (1 μM), human AdR (0.125 μM), and NADPH regenerating system at 37°C. Substrates were added from stock solutions in ethanol or in 45% 2-hydroxypropyl-betacyclodextrin to a final concentration of 100 μM. Steroids were extracted with methylene chloride and analyzed by reverse-phase HPLC with methanol as a mobile phase. The Δ 5 -steroids were incubated with cholesterol oxidase at 37°C for 30 min before the extraction.
Enzymatic and Chemical Reduction. Reduction of fusion proteins and CYP11A1 was performed in the reconstituted system with a CYP11A1:AdR:Adx protein ratio of 1∶0.5∶2 μM and 250 μM NADPH with or without 50 μM cholesterol. For the fusions, 2 μM of external Adx and 0.5 μM AdR were added. The enzymatic reduction was quantified by recording the CO-difference spectra at 450 nm and calculated as a percentage following chemical reduction with sodium dithionite (1 mg∕mL).
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